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1. Introduction 
 Transition-metal oxides are rich sources of interesting phenomena such as 
superconductivity, multiferroicity, and metal–insulator transition. Traditionally, they have 
been synthesized using a sintering process, where a mixture of starting metal oxides is 
heated up to high (> 1000 °C) temperature. On the other hand much attention has been 
paid to soft chemical, or low-temperature processes for the synthesis of metal oxide 
samples in the past several decades. Among them, topotactic reactions, during which a 
large part of the crystal structure of the starting material is maintained, are rather kinetic 
process because they exploit higher mobility of particular elements over others in a single 
material, and thus they are powerful methods to prepare thermodynamically metastable 
materials. 
 Although soft chemical synthesis using topotactic reactions has been developed 
on powder samples, thin films possess potential advantages over bulk studies, such as 
enhanced reactivity and high crystallinity. For example, it was reported that the topotactic 
reaction between SrFeO2.5 thin films and polyvinylidene fluoride proceeds at much lower 
temperature than bulk powder. However, most of the topotactic studies on thin films 
focused on preparation of already reported materials rather than exploration of novel 
materials. Thus, in this thesis, I explored topotactic reactions on transition-metal oxide 
thin films to prepare novel oxide-based materials. In particular, I used anion exchange 
and insertion reactions to control the structures and properties of perovskite nickel oxides 
and copper oxides. 
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2. Synthesis of defect-fluorite NdNiOxHy from NdNiO3 precursors 
 First, I chose perovskite NdNiO3, which 
shows temperature-dependent metal–insulator 
transition, as a precursor material. Observation by 
scanning transmission electron microscopy revealed 
that by hydride (H−) exchange reaction using CaH2, a 
defect fluorite structured phase was obtained as thin 
films on SrTiO3 substrate, as shown in Figure 1. This 
phase was identified as new oxyhydride NdNiOxHy. 
This is in contrast to previous literature on the 
reaction using powder samples of NdNiO3, where 
only oxygen deintercalation and not hydride 
incorporation took place. Furthermore, the epitaxial relation of the fluorite phase to the 
substrate could be changed by reaction conditions. When the reaction was performed at 
240 °C, I obtained [001] oriented growth with a thin layer of oxygen-deficient phase 
NdNiO2 at the interface between the film and the substrate. On the other hand, at higher 
temperature of 400 °C, [110]-oriented NdNiOxHy film was obtained without NdNiO2. 
 
3. Reversible changes in resistance of 
perovskite nickelate NdNiO3 by fluorine 
substitution 
 Next, with the same starting material of 
NdNiO3, I performed topotactic fluorination using 
polyvinylidene fluoride (PVDF). Though H− and 
F− possess the same formal valence and similar 
ionic radius, the reactions of NdNiO3 with CaH2 and 
PVDF proceeded very differently. That is, the 
Figure 1. (a) Wide and (b) magnified views 
of HAADF-STEM images after reacting 
NdNiO3 and CaH2 at 240 °C for 12 h. Inset 
shows Fourier transform of the region (iii). 
Reprinted from Daltron Transactions, 30, 
12114 (2016), licensed under CC BY 3.0, 
Copyright 2016 the Royal Society of 
Chemistry. 
Figure 2. Relationship between fluorine 
contents x and out-of-plane lattice constants of 
NdNiO3−xFx thin films prepared by PVDF 
fluorination. Reprinted with permission from 
ACS Applied Materials & Interfaces, 9, 10882 
(2017), Copyright 2017 American Chemical 
Society. 
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perovskite framework was completely maintained throughout the reaction, and perovskite 
oxyfluoride NdNiO3−xFx was formed. As shown in Figure 2, the fluorine content x inside 
the film was systematically controlled by the reaction time with PVDF. The fluorinated 
films were highly insulating in contrast to NdNiO3 with metallic conduction, and showed 
a bandgap of up to 2.1 eV. Hard X-ray photoelectron and soft X-ray absorption 
spectroscopies were performed to investigate the electronic states of the obtained films. 
They revealed the suppression of the density of states at the Fermi level as well as electron 
doping into nickel ions. The changes in the spectra indicated that the insulating 
characteristics of the NdNiO3−xFx thin films were induced by Mott transition as a result 
of change in nickel valence states. Furthermore, I also found that the fluorine ions 
incorporated into the films could be removed by annealing under oxygen atmosphere, 
yielding the original NdNiO3 with metallic conduction. 
 
4. Fluorination of perovskite cuprate LaCuOx thin films 
 Like NdNiO3−xFx, most of the 
transition-metal oxyfluorides with perovskite 
(ABX3) structure are insulating because of the 
strong ionicity of metal-fluorine bonds. To 
obtain conducting oxyfluorides with perovskite 
structure, I chose another starting material, 
LaCuOx. Since some copper oxyfluorides with 2 
± δ valence states, such as Sr2CuO2F2+x show high-temperature superconductivity, I 
supposed that conducting materials could be obtained by synthesizing oxyfluoride 
LaCuOxFy. By using CuF2 as a fluorine source, fluoride ions were successfully introduced 
into the LaCuOx films. Figure 3 shows temperature dependence of resistivity of the films 
before and after fluorination. Although the sample contained spatial inhomogeneity in 
Figure 3. Temperature dependence of resistivity 
of LaCuOx and LaCuOxFy thin films. 
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chemical composition, the fluorinated LaCuOxFy film showed metallic conduction with 
resistivity of the order of mΩ cm at 300 K. 
 
5. Conclusion 
 In conclusion, I performed different soft chemical processes on two different 
transition-metal oxide thin films, NdNiO3 and LaCuOx. The results revealed that 
introduction of F and H into thin-film samples could drastically alter their crystal 
structures and/or electrical transport properties. These methods are a promising way to 
synthesize new materials containing multiple anions and to modify the physical properties 
of oxide materials. 
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Chapter 1.  General introduction 
1.1  Soft chemical methods for metal oxides 
Transition-metal oxides show a wide variety of physical properties such as 
magnetism, metal–insulator transition, ferroelectricity, and superconductivity [1]. These 
properties arise from the rich structural chemistry and partially-filled metal d orbitals. The 
synthesis and investigation of these materials have therefore been extensively studied by 
chemists as well as physicists and engineers. 
The most traditional and basic approach for control of properties of transition-metal 
oxides is elemental substitution, where a part of the constituent chemical elements in a 
parent compound is substituted by other elements. A classic example is high-temperature 
superconductivity in a copper oxide system, La2−xSrxCuO4. As shown in a phase diagram 
in Figure 1-1, the parent compound of this system, La2CuO4, is an antiferromagnetic 
insulator. However, after partial substitution of strontium for lanthanum, the material 
shows superconductivity with maximum transition temperature of ∼ 40 K. Another 
renowned system is perovskite manganites, La1−xSrxMnO3. Similarly to La2CuO4, 
LaMnO3 is an insulator with magnetic ordering. Upon hole doping by strontium 
substitution, complex exchange interaction in manganese atoms results in ferromagnetic 
ordering (Figure 1-2), instead of superconductivity in cuprates. In perovskite manganites, 
electrical conduction and magnetism are closely coupled via so-called double exchange 
mechanism. As a result, colossal magnetoresistance, where the conductivity of the sample 
decreases by several orders of magnitudes under applied magnetic field, manifests itself 
in La1−xSrxMnO3. 
Chapter 1. General introduction  
2 
 
 
Figure 1-1 A schematic phase diagram for La2−xSrxCuO4 as a function of x. Reprinted 
by permission from Macmillan Publishers Ltd: Nature Materials Ref [2], copyright 
2013. 
 
Figure 1-2 Electronic phase diagram of La1−xSrxMnO3. P.I.: paramagnetic insulator; 
P.M.: paramagnetic metal; CN.I.: spin-canted insulator; F.I.: ferromagnetic insulator. 
F.M.: ferromagnetic metal. Reprinted with permission from Ref [3] Copyright 1995 
by the American Physical Society. 
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In both of the above two systems, the physical properties were controlled by 
substitution of metal ions. Actually, control of properties through metal ions, or cations, 
is much more commonly performed than through anions. This is understandable, 
considering how these materials are typically prepared. In conventional solid-state 
synthesis or the “shake-and-bake” method, a mixture of several metal oxides and/or metal 
oxy-acid salts (carbonates, nitrates, etc.) is sintered to obtain a complex transition-metal 
oxide. Especially, metal oxides have high lattice energy and melting points, which 
indicates the existence of a rigid framework comprising metal cations and oxide anions. 
To break that rigid network, an extremely high temperature (T > 1000 °C) compared to 
those of typical liquid- and gas-phase reactions is often required. 
One disadvantage of this method is its thermodynamic nature. The thermal energy 
given during the reaction is sufficiently large, and it will exceed activation energies of all 
the possible competing reactions. In such a case, only the phase with the lowest free 
energy would remain after completion of the reactions. As a consequence, most of 
metastable product phases are hard to synthesize through this process. 
To overcome this disadvantage, several synthetic strategies that can “soften” the 
process (i.e. lower the reaction temperature) have been developed so far. These methods 
are called soft chemical methods as opposed the conventional (hard) solid state synthesis. 
They can be divided into three major groups: 
1. Co-precipitation or sol-gel methods to improve the mixing and/or reduce the 
particle size of starting materials. 
2. Solvothermal or flux synthesis to lower the energetic barriers to diffusion. 
3. Topotactic reactions, where the initial framework of the crystal structure is 
maintained during the reaction. 
Among them, the topotactic reactions are peculiar in that they are rather kinetic 
processes. Figure 1-3 shows various examples of topotactic reactions. In many complex 
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metal oxides, a group of ions (typically light elements such as H, Li, Na, O, F) are often 
far more mobile than other host ions even at sufficiently low temperature. Exploiting this 
high mobility, one can selectively substitute, exchange, intercalate, or extract those 
components while maintaining the basic structural topology. This conservation of the 
structure during synthetic process allows a flexible design of a target material that is 
metastable and cannot be formed at elevated temperature. Furthermore, in transition-
metal oxides, oxygen is usually the element with highest mobility; thus, the topotactic 
reactions are effective in the control of oxide ions i.e. anions. 
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Figure 1-3. Examples of topotactic reactions. Reprinted with permission from Ref [4]. 
Copyright 2011 by John Wiley and Sons) 
The topotactic reactions have two aspects: the crystallographic and the chemical 
change. The former represents what kind of topological change occurs, which includes 
substitution, insertion, and extraction. The latter is associated with the change of the 
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valence state of a particular element; it can be oxidative, reductive, or charge-neutral. 
Those two factors are closely related to each other. For example, if an anion is inserted 
into the host compound, this reaction is oxidative insertion, but if it is substituted for a 
part of the sites, it will become reductive, oxidative or redox-neutral substitution 
depending on the chemical valence of the two ions. Examples of these different reactions 
are as follows: 
Reductive insertion [5]: LiCa2Ta3O10 + C4H9Li → Li2Ca2Ta3O10 
Reductive extraction [6]: LaNiO3 + NaH → LaNiO2 
Oxidative insertion [7]: A2LaNb2O7 + Cl2 → A2ClLaNb2O7 (A = Cs, Rb) 
Oxidative extraction [8]: LiCoO2 → Li1−xCoO2 + xLi 
Redox-neutral insertion [9]: Bi2Sr2CaCu2Oy + Ag + I2 → AgIBi2Sr2CaCu2Oy 
Redox-neutral extraction [10]: K2La2Ti3O10 + PPh4Br → La2Ti3O10 
 
Figure 1-4. Ruddlesden–Popper (RP) layered perovskite An+1BnO3n+1. Red, green, 
and blue spheres represent O, A, B atoms, respectively. (This and following figures 
of crystal structures were drawn with VESTA3 [11].) The unit cell of each compound 
is represented by a black frame. 
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How an actual reaction proceeds is thus determined by both the crystal structure and 
the chemical properties of the host material. Here, I will take Ruddlesden–Popper (RP) 
layered perovskite system, An+1BnO3n+1 as an example. As shown in Figure 1-4, a RP 
perovskite consist of alternating stacks of AO rock salt and ABO3 perovskite blocks. The 
parameter n represents the number of consecutive blocks. It is noteworthy that these two 
components often react differently. As shown in Figure 1-5, the rock salt blocks in RP 
perovskites contain tetrahedral interstitial sites, indicating that the insertion of other 
chemical species is likely to occur. In fact, several complex oxides with excess anions 
such as La2MO4+x (M = Ni; Co; Cu) [12–14], La2CuO4Fx [15], Sr3Ru2O7F2 [16], 
La1.2Sr1.8Mn2O7F2, La2MnO4F [17], and Sr2CuO2F2+x  [18]  have been synthesized in a 
topotactic manner. On the other hand, simple perovskite can be regarded as a RP 
perovskite with n = ∞, and it does not contain any AO rock salt layers. Thus, topotactic 
insertion into ABO3 is not observed, and substitution or deintercalation is more likely to 
occur. 
 
Figure 1-5. Interstitial sites (gray spheres) contained in a rock-salt block of RP 
perovskites. 
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1.1.1 Reactions using molecular hydrogen and metal hydrides 
Deintercalation of oxygen 
By topotactic deintercalation of oxygen from host complex oxides, it is possible to 
synthesize metastable oxides with unusual coordination numbers and/or chemical valence 
state. For example, topotactic reduction of CaMnO3 leads to oxygen-defect perovskite 
CaMnO2.5, according to the following reaction at 300 °C: 
CaMnO3 + xH2 → CaMnO3−x + xH2O 
 
Figure 1-6. Electrical resistivity vs. temperature of (△) CaMnO3, (○) CaMnO2.84, 
(▽) CaMnO2.75, and (◇) CaMnO2.66. Reprinted with permission from Ref. [19]. 
Copyright 1996 by the American Physical Society. 
Oxygen-deficient CaMnO3−x exhibits unusual physical properties, commonly seen 
in many topotactically reduced materials. The end member CaMnO3 (x = 0) is an 
antiferromagnetic insulator or so-called Mott insulator, an energy gap opens at the Fermi 
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level because of strong Coulomb repulsion between electrons. Introducing oxygen 
vacancies into it causes electron doping. Figure 1-6 shows electrical resistivity of 
CaMnO3−x with different x values. Notably, the resistivity shows insulating behavior 
(dρ/dT < 0) in all the x range from 0 to 0.34, in stark contrast to isoelectronic 
La1−xCaxMnO3, in which metallic transport and complex magnetic order are observed 
depending on x [1]. Several mechanisms have been proposed to explain this insulating 
behavior such as localization of doped electrons by the random potential of oxygen 
vacancies, and inhibition of carrier delocalization by poor orbital overlap between Mn 
and O originating from deviation of Mn−O−Mn bond angle from 180° [20]. 
Chemical reduction by hydrogen gas can provide a variety of oxygen-deficient 
perovskites, but there are several potential drawbacks in this method. Firstly, the reactivity 
of H2 gas is limited because enough energy must be added to break H−H bonds. As a 
result, the reaction temperature should be above 300 °C, making it impossible to obtain 
metastable phases that decompose at such high temperature. Another potential drawback 
is the formation of H2O molecules accompanied with the reaction. Some oxides, such as 
Hg-based cuprates, degrade when exposed to moisture-containing air [21], and such 
water-sensitive materials are difficult to be synthesized by H2 reduction. Crespin et al. 
[30] examined topotactic reduction of LaNiO3 with H2 to obtain that infinite-layer LaNiO2 
(Figure 1-7). Infinite-layer LaNiO2 has a layered structure with unusually low Ni+ valence 
state (d9 electron configuration), similar to high-temperature cuprate superconductors. 
They succeeded in synthesizing infinite-layer LaNiO2 but they have to use a complex gas 
recirculating system as shown in Figure 1-8, to trap all gaseous reaction products and 
introduce fresh hydrogen gas. This complex apparatus prevented other researchers from 
reproducing reliable synthesis of this material [22,23]. 
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Figure 1-7. Synthesis of infinite-layer LaNiO2 through topotactic deintercalation of 
oxygen. 
 
Figure 1-8. Apparatus for circulating hydrogen gas used for the synthesis of LaNiO2. 
The chemical reaction takes place at reactor (c), enclosed in an electric furnace (d). 
Reproduced from Ref [24] with permission of The Royal Society of Chemistry. 
One way to address these problems is to use metal hydrides such as NaH [6], 
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CaH2 [25], and LiH [26]. The reactions are described by the following formulas: 
LaNiO3 + NaH → LaNiO2 + NaOH 
Y2Ti2O7 + xCaH2 → Y2Ti2O7−x + xCaO + xH2 
Ba0.5Sr0.5MnO3−x + 2yLiH → Ba0.5Sr0.5MnO3−x−y + yLi2O + yH2 
High thermal stability of NaOH, CaO, Li2O is the driving force of these reactions. 
In these reactions, H2O was not formed after reaction in contrast to reduction using H2 
gas. In addition, metal hydrides are generally stronger reducing reagents than hydrogen 
gas, enabling introduction of a larger amount of oxygen vacancies than H2. Indeed, above-
mentioned infinite-layer LaNiO2 was synthesized with good reproducibility by using NaH 
as a reducing agent. Another example of exotic materials is infinite-layer SrFeO2. It can 
be synthesized topotactically from SrFeO2.5 at 280 °C with CaH2 as a reducing agent [27]. 
In SrFeO2, iron possesses 2+ valence states with unusual square-planar coordination. In 
general, square-planar coordination appears when the central metal ion is Jahn–Teller 
active (such as d9 in Cu2+). However, the d6 electron configuration of Fe2+ is not 
considered as Jahn–Teller active, which makes its existence puzzling. SrFeO2 is an 
antiferromagnetic insulator with TN = 473 K; carrier-doping into this material may realize 
novel transport phenomena such as superconductivity. 
Three metal hydrides NaH, CaH2, and LiH have different usages. NaH is used at 
relatively low temperature (≥ 150 °C), but it cannot be used at elevated temperature 
(> 225 °C). At higher temperature, CaH2 is useful because it can survive up to 885 °C. 
Usage of LiH is more specialized than the other two. In general, after the reaction, residual 
oxides or hydroxides (NaOH, CaO, and Li2O) is washed out using organic solvents or 
weak acids. In the topotactic reduction of Ba0.5Sr0.5MnO3−x, however, washing NaOH 
with methanol resulted in decomposition of the product. Washing the reaction products 
obtained from LiH did not cause such decomposition [26]. 
The reaction mechanism of topotactic reduction with metal hydride has yet to be 
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fully understood. Originally, it was reported [6] that intimate contact with NaH is required 
for the synthesis of LaNiO3 powder, suggesting importance of ionic diffusion between 
the two materials. Other researchers, however, reported that topotactic reduction of bulk 
SrFeO3, thin film SrFeO2.5, and thin film LaNiO3 proceeded even when the oxides and 
CaH2 were physically separated against each other [28], maintaining that H2 gas released 
from metal hydrides plays a main role in these materials. 
Synthesis of mixed oxyhydrides 
 
Figure 1-9. Topotactic synthesis of oxyhydride LaSrCoO3H0.7 [29] 
In the previous section various examples of oxygen deintercalation were described. 
In some materials, however, another type of reactions occurs. For example, reaction of 
RP perovskite LaSrCoO4 with CaH2 at 450 °C produces oxide hydride LaSrCoO3H0.7, 
where O2– and H– ions coexist in a single material. As shown in Figure 1-9, O2– and H– 
are ordered, forming Co−O one-dimensional chains bridged by H– anions. This 
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compound shows antiferromagnetic transition at 380 K, which is much higher than that 
of LaSrCoO3.5 (110 K) with a similar concentration of “bridging” anions (0.7 vs. 0.5). 
The high Néel temperature of LaSrCoO3H0.7 indicates that H– anion is able to 
magnetically couple with transition metal ion at least as strong as O2– is. 
For stable formation of oxyhydrides, it is important to suppress several H–-
consuming reactions such as [30]: 
2 H– + 0.5 O2 ⇔ H2 + O2–, 
2 H– + M n+ ⇔ H2 + M (n–2)+, 
H– + H2O ⇔ H2 + OH–. 
These equilibria should be displaced to the left in order to stabilize H− species in oxides. 
The first reaction demonstrates that H– ions are stable in a strongly reducing environment. 
Usage of metal hydrides rather than hydrogen gas is desirable due to its strong reducing 
ability. The second reaction represents reduction of transition-metal ions by H–. This 
indicates that the cations of electropositive main-group element such as rare earths, and 
transition-metal cations with the lowest possible valence state are candidate components 
of oxide hydrides. The third one describes that moisture may hinder the formation of 
oxide hydrides and thus it should be removed from the reaction atmosphere. Again, metal 
hydrides are superior in this regard to hydrogen gas because they can strongly absorb 
moisture. 
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Table 1-1. List of oxyhydrides with perovskite-related structures synthesized by 
topotactic methods. 
Product Valence Precursor Temperature Reference 
LaSrCoO3H0.7 Co1.7+ LaSrCoO4 450 °C  [29] 
Sr3Co2O4.33H0.84 Co1.75+ Sr3Co2O7−x 255 °C  [31] 
ATiO3−xHx 
(A: Ca, Sr, Ba, Eu) 
Ti(4−x)+ ATiO3 530–580 °C  [32–34] 
SrVO2H V3+ SrVO3 600 °C  [35] 
Sr2VO3H V3+ Sr2VO4 600 °C  [35] 
Sr3V2O5H2 V3+ Sr3V2O7 600 °C  [35] 
SrCoO2H Co3+ SrCoO2.5 250 °C  [36] 
Table 1-1 lists oxide hydride materials synthesized through topotactic process. In 
LaSrCoO3H0.7 and Sr3Co2O4.33H0.84, the chemical state of cobalt is Co1.7+ and Co1.75+, 
respectively. On the other hand, in the rest of the materials in the table, the transition 
elements such as Ti and V did not possess the lowest possible oxidation state. The reason 
why H– can coexist with the metal ions with relatively high valence is not completely 
clear; however, in transition-metal oxide hydrides, stronger covalency of the metal-
hydrogen bonds than that in more ionic alkali and alkaline earth hydrides [37,38] and may 
stabilize H– by decreasing the actual valence from −1. The hydride ions in perovskite 
oxide hydrides can be arranged in a highly ordered manner. Figure 1-10 shows different 
oxygen/hydrogen arrangements in three kinds of perovskite oxide hydrides. In SrVO2H, 
H– ions selectively occupy the apical sites of the vanadium ions, forming two-dimensional 
VO2 layers analogous to superconducting cuprates. On the other hand, in perovskite 
chromate and titanate, H– and O2– are randomly distributed. 
1.1 Soft chemical methods for metal oxides 
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Figure 1-10. Arrangement of O2− and H− in three different perovskite oxyhydrides, 
SrVO2H, SrCrO2H, and BaTiO2.4H0.6. 
1.1.2 Fluorination reactions 
Since the ionic radii of F– (133 pm) and O2– (140 pm) are close to each other and −1 
is the only stable chemical valence of fluorine (hydrogen can take +1, 0, or −1 states in 
solids), numerous oxide fluorides have been reported so far, most of which were obtained 
by topotactic fluorine introduction. For example, Sr2CuO2F2+δ can be synthesized by 
treating precursor Sr2CuO3 with F2 gas at 210 °C [18]. Excess fluorine located in the 
interstitial sites inside the SrO rock salt blocks (Figure 1-5) releases hole carriers, 
inducing superconductivity with maximum Tc of 46 K. 
Although F– itself is chemically stable, complex mixed oxide fluorides are often 
metastable and decompose at elevated temperature. Main decomposition products from 
perovskite and RP perovskite oxide fluorides are binary metal fluorides such as SrF2 and 
rare earth (R) oxide fluorides ROF. High-pressure synthesis is a commonly used route for 
obtaining oxide fluorides [39,40], but it requires a specially-designed apparatus. 
Meanwhile, topotactic fluorination can be performed at lower temperature and the 
experimental setup is rather simple. Various fluorination reagents have been developed to 
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prepare impurity-free oxide fluoride samples [41,42], such as F2, NH4F, XeF2, CuF2, ZnF2, 
polyvinylidene fluoride (PVDF), and polytetrafluoroethylene (Teflon®). Fluorination 
using electrochemical method has also been investigated [43,44]. 
Difference in reactivity among these reagents are as follows: F2 gas is a highly 
oxidizing reagent, so it helps conduct fluorine insertion under highly oxidative conditions. 
The problem of F2 gas is its high toxicity; special care must be taken for dealing with it. 
NH4F and XeF2 are less oxidizing than F2, and thus allow fluorine substitution by keeping 
or lowering the oxidation state; however, they easily produce AF2 and ROF (A: alkaline 
earth, R: rare earth) impurities. CuF2 and ZnF2 can be used without significant impurity 
formation, but CuO and ZnO are left in the sample. In 2002, Slater reported topotactic 
synthesis of Sr2TiO3F2 and Ca2CuO2F2 with NH4F and PVDF [45]. In both compounds, 
the fluorination reaction with NH4F produced binary fluoride as impurities (SrF2 and 
CaF2), whereas no impurities were formed with PVDF. Furthermore, PVDF as a 
fluorination reagent has other advantages: It is nontoxic solid and stable in air at room 
temperature; it has relatively low decomposition temperature (∼ 200 °C) compared to 
inorganic reagents; it can perform reductive fluorination [41,46]. These properties enable 
us to perform fluorination of transition-metal oxides easily and safely. 
1.2 Application to thin films 
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1.2  Application to thin films 
 
Figure 1-11. Schematic image of epitaxial growth. 
Although soft chemical synthesis using topotactic reactions has been developed on 
powder samples, the method can also be applied to thin-film samples. In particular, use 
of epitaxially-grown films, in which the crystalline lattices are well aligned on single-
crystalline substrate (see Figure 1-11), has several potential advantages. 
First, with epitaxial growth one can obtain highly-crystalline samples with less grain 
boundary than powder samples, which are suitable for measurements of intrinsic physical 
properties, such as electrical conductivity [47,48]. This is especially useful for 
topotactically synthesized materials because low-temperature reaction of bulk samples 
often produces poorly-packed, coarse specimen with a large amount of grain boundaries 
and voids. In contrast, in the case of epitaxial thin films single-crystalline samples are 
more easily obtained owing to the epitaxial stabilization. 
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Figure 1-12. Fluorine content in SrFeO3−xFx thin films reacted with PVDF at different 
temperatures. Note that fluorination starts at 150 °C, which is much lower than 
reaction temperature of bulk SrFeO3 (400 °C). Reproduced from Ref  [49] with 
permission of The Royal Society of Chemistry. 
Another feature of thin films is their decreased dimension in the depth direction (~ 
101 nm) as opposed to bulk (~ 1 μm), which leads to higher reactivity. For example, 
SrFeO3−xFx thin films can be topotactically prepared from SrFeO3−x precursor at 
150 °C [49], which is substantially lower than the reaction temperature for polycrystalline 
bulk SrFeO3−x (400 °C) [50]. Because of the higher reactivity, processing temperature can 
be lowered in thin films, which is helpful for obtaining metastable compounds which tend 
to decompose at elevated temperature. 
Finally, thin films undergo artificial strain (epitaxial strain) from the substrate, which 
could result in unique structure and/or properties distinct from bulk samples. The epitaxial 
strain could provide an additional parameter that determines the structure after topotactic 
reactions, other than temperature, time, or reaction reagents. As shown in Figure 1-9, bulk 
LaSrCoO3H0.7 has certain pattern of O/H ordering, which resulted in an orthorhombic 
unit cell. Bouilly et al. tried to fabricate epitaxial thin film of this material on LaSrAlO4 
(LSAO) substrate, as shown in Figure 1-13 [51]. When it was grown in a-axis orientation 
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on LSAO (100) substrate, the film possessed orthorhombic structure similarly to the bulk 
sample, indicating O2− and H− ions are ordered in a similar manner to the bulk phase. In 
contrast, c-axis oriented LaSrCoO3H0.7 on LSAO (001) substrates possessed tetragonal 
symmetry. The authors attributed this to random distribution of O and H anions in the 
equatorial sites around Co ions, which is distinct from the bulk phase. Their results 
suggest that the manipulation of anion order in a topotactically synthesized mixed anion 
materials is possible by an appropriate choice of substrate orientation. 
 
Figure 1-13. Topotactic conversion of the c-axis (upper) and a-axis (lower) oriented 
LaSrCoO4 films on LaSrAlO4 (LSAO) substrates. Reproduced from Ref [51] with 
permission of The Royal Society of Chemistry. 
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1.3  Purpose of this study 
Transition-metal oxides exhibit a wide variety of interesting phenomena such as 
metal–insulator transition, ferromagnetism, and high-temperature superconductivity. 
Recently, synthesis of novel oxide-based materials by soft chemical methods has been 
vigorously studied because it could lower the reaction temperature and thus produce 
metastable compounds. Especially, use of epitaxial thin film samples is interesting 
because of enhanced reactivity of thin samples as well as other advantages, such as high 
crystallinity. However, previous studies on thin films rather focused on applying the 
methods for obtaining already-reported materials as thin films, rather than exploiting 
advantages of films to synthesize novel materials. 
Thus, in this thesis work, I aimed to establish the combination of thin films and soft 
chemical methods as an effective approach for exploring novel inorganic materials and 
their physical properties. More concretely, I selected two transition-metal oxides, NdNiO3 
and LaCuOx, as starting materials. With the aid of topotactic hydrogen substitution and 
fluorine substitution reactions, I tried to obtain novel mixed oxyhydride and oxyfluoride 
samples, and investigate their electrical properties. 
Chapter 2.  Experimental methods 
2.1  Pulsed laser deposition (PLD) 
2.1.1 General features of PLD 
Pulsed laser deposition (PLD) is a physical vapor deposition process, where a target 
material is vaporized by a pulsed laser. 
Vacuum chamber
Single-crystalline substrate
Pulsed laser
Sintered ceramic target
Gaseous plume
 
Figure 2-1. Schematic image of a typical PLD system. 
Figure 2-1 shows a schematic image of a typical PLD system. A pulsed laser beam 
is focused onto a target, typically a sintered ceramic pellet, to ablate it into a plasma plume. 
Ultraviolet lasers such as KrF laser (248 nm) or fourth harmonic (266 nm) for Nd:YAG 
laser are commonly used so that enough energy is transferred onto the target. The ablated 
plasma flies basically in a straight direction to a substrate placed above the target, which 
can be heated by infrared lamp or diode laser heaters. The target and substrate are located 
inside an ultra-high vacuum (UHV) chamber with base pressure of 10−9–10−8 Torr to 
eliminate contamination from atmospheric gases and particles. PLD has several 
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remarkable features that make it attractive for preparing various functional materials. 
They include [52]: 
 Stoichiometric transfer from the target to the substrate 
 Generation of energetic species 
 Hyperthermal reaction between the ablated cations and the background gas in 
the ablation plasma 
 Compatibility with background pressures ranging from ultrahigh vacuum 
(UHV) to 1 Torr. 
The first feature, the stoichiometric transfer, would be one of the most important 
characteristics of PLD. The laser ablation process depends heavily on the laser energy. 
When the laser energy is sufficiently low, the vaporization of the target is simply a thermal 
process, i.e. the surface is heated by the laser to sublime into the chamber. In such cases, 
the composition of evaporated flux is dominated by vapor pressure of each element. In 
contrast, when the energy is increased above a certain threshold value which is 
determined by the absorption coefficient of the material, high density of energy is 
absorbed by a small volume of the material. Then the given energy is much larger than 
that required for vaporizing each element, which results in an ablation process that 
conserves stoichiometry between target and plume. Therefore, by appropriately choosing 
lasing conditions for a particular material, one can readily obtain multi-cation materials 
that possess the same cation composition as the target. 
Availability of wide gas pressure range during deposition is also important. The 
introduced oxygen gas can serve as a part of the flux when depositing oxide materials. 
Thus, by changing the gas pressure and species inside the chamber, different phases would 
be formed. For example, to stabilize metal cations with unusually high oxidative state 
such as Ni3+, high pressure of oxygen gas (> 100 mTorr) is required [53]. Another role 
of the gas is to reduce kinetic energies of the plume. Depending on lasing and gas 
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conditions, the kinetic energy can vary from 0.01–100 eV. 
Since a highly-intensified laser is used to ablate a target, virtually almost all kinds 
of materials can be effectively transferred onto a substrate, except for wide-gap insulators 
with small optical absorption at the wavelength of the laser. Either polycrystalline 
ceramics or single crystals are available as targets. In general, the phase of the target need 
not be the same as that of the film to be deposited; only cation compositions are required 
to be identical between the two, because stoichiometric transfer is expected, as mentioned 
above. For ceramic targets, highly-dense sintered pellets are preferable because this will 
suppress formation of particles during ablation. 
Optimization of the conditions of a substrate is also mandatory to fabricate high-
quality films. Choice of the substrate itself is a critical parameter for film growth, because 
the crystalline lattice of the film tends to align reflecting that of the substrate. The 
difference of the lattice lengths between film and substrate must is often used as a 
parameter representing the lattice mismatch, given by 
𝑓𝑓 = 𝑎𝑎film − 𝑎𝑎substrate
𝑎𝑎substrate
, 
where afilm and asubstrate represent the in-plane lattice constants of the film and substrate, 
respectively. If f is close to zero, the crystalline lattice of the film receives little strain and 
thus high crystallinity film can be obtained. On the other hand, if |f| is too high, strains 
from the substrate become so large that the crystal relaxation occurs, or, in some cases, 
polycrystalline or amorphous thin film is formed. Under a moderate value of f, strain from 
the substrate remains in the film. This is the same as the situation that the crystal is 
subjected to external pressure, and in those films physical properties might be modified. 
Thin film growth is also affected by the crystal orientation of the substrate. For example, 
SrTiO3, a typical substrate for growing perovskite thin films, has a cubic structure and 
substrates with three different orientations, (100), (110), and (111), are commercially 
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available. Substrate temperature is an important parameter governing thin film growth, as 
well. In general, too low substrate temperature tends to result in formation of amorphous 
films, while at too high temperature target materials may decompose. 
To summarize, the following conditions are optimized to obtain high-quality thin 
films: 
1. Lasing conditions (fluence, repetition rate) 
2. Quality of a target (composition, sintered density, single or polycrystalline, etc.) 
3. Chamber gas pressure 
4. Substrate temperature 
5. Lattice parameters and surface lattice plane of a substrate 
6. Deposition time 
2.1.2 PLD system used in this study 
  
Figure 2-2. PLD system used in this study. Left: Main and Load/Lock chambers. 
Right: KrF excimer laser. 
Figure 2-2 shows the PLD system used in this study. As seen in the left picture, the 
PLD is composed of two different vacuum chambers, Load/Lock (L/L) chamber and Main 
chamber. The L/L chamber is used for introducing and picking up samples, and the Main 
chamber for actual deposition. The two chambers are separated by a gate valve so that 
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one can introduce our samples without significant lowering of the vacuum level in the 
Main chamber. Pulsed laser beams are irradiated from the upper right box. The right 
figure in Figure 2-2 is a photo of the pulsed laser device. A KrF excimer laser with 248 
nm wavelength is used. In KrF lasers, high voltage is applied to Kr/F2 mixed gas. They 
react to form a temporary complex or an excimer: 
2Kr + F2 → 2KrF 
The excimer emits an ultraviolet photon when it decays to the ground state. Although 
Kr and F atoms constituting an excimer are bound together in the electronic excited state, 
they immediately dissociate after the emission of a photon. Therefore, inverted population 
between the excited and the ground state is easily realized, which is crucial to light 
amplification. 
2.1.3 Procedure for making thin films with PLD 
Preparation before deposition 
1. Cut the substrate into a certain size. Anneal it if required. 
2. Ultrasonically wash screws, clamps, and holders in acetone and ethanol, for five 
minutes for each. 
3. Ultrasonically wash the substrate in acetone, ethanol, EL acetone, EL ethanol, 
five minutes for each. 
4. Paste the substrate on the holder with flexible silver or platinum ink, and then 
fix it by screws and clamps. 
5. Heat them on a hotplate, first at 100 °C for 30 minutes and then at 350 °C for 
60 minutes. 
6. Fix a target on the holder as well. 
Operations inside the chamber 
1. Stop a turbomolecular pump in the L/L chamber. 
2. Place the substrate and the target on holders inside the chamber. 
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3. Evacuate the L/L chamber. 
4. After sufficiently evacuating the chamber, transfer them inside the Main chamber. 
5. Adjust the substrate temperature. Set the energy of the laser. 
6. Introduce gas inside the chamber. 
7. Ablate the target for five or ten minutes with the substrate covered by a mask. 
8. Deposit the film. 
After deposition 
1. Cool down the substrate. 
2. Stop introducing the gas. 
3. Evacuate enough the chamber and the transfer the substrate. 
4. Close a valve between the two chambers and then pick up the sample. 
5. Carefully remove the substrate off the holder. All the parts should be polished 
well with a piece of sandpaper. Then they are ultrasonically washed in acetone 
and ethanol. 
2.2 Topotactic reactions 
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2.2  Topotactic reactions 
2.2.1 Hydrogenation with calcium hydride 
Rotary pump
Oxygen burner
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Figure 2-3. Vacuum sealing in a Pyrex tube. 
In this study, calcium hydride (CaH2) was used as a hydrogen source. As described 
in the introduction, CaH2 can tolerate relatively high (ca. 600 °C) temperature. It is 
commercially available as pure powder, and it makes its handling easier than NaH, which 
is usually supplied as a mixture in mineral oil. Since CaH2 vigorously reacts with moisture 
in air to decompose into CaO and H2O, it should be kept in a glovebox filled with inert 
gas like Ar. The following procedure describes how to perform hydrogenation on a thin-
film sample. 
1. Cut a Pyrex tube to about 20 cm long. 
2. Put a thin-film sample into the tube. 
3. In a glovebox, grind CaH2 powder for about five minutes. 
4. Pour the ground powder into the tube.  
5. Connect it to a rotary pump, and evacuate it for more than five minutes. 
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6. Seal it with a Bunsen burner (as in Figure 2-3). 
7. Heat it in an electric furnace through an appropriate temperature sequence. 
8. After the reaction, the tube is smashed to get the reacted film. 
9. Reacted sample is ultrasonically washed in 2-butanone to remove residual 
powder on the surface of the film. The complete removal can be confirmed by 
XPS. 
2.2.2 Fluorination with polyvinylidene fluoride (PVDF) 
I used PVDF as a fluorination reagent because fluorination using PVDF is 
advantageous in that it is less likely to form metal fluoride impurities as discussed above. 
When PVDF is heated, thermal decomposition occurs. The products of this thermal 
decomposition cause the topotactic fluorination of oxide samples. As shown in Figure 2-4, 
the main product of the decomposition is a molecule with m/z = 20, i.e. HF, produced by 
the following reaction  [54]: 
[CH2CF2]n → [C≡C]n + 2 HF 
 
Figure 2-4. Mass spectrum from thermally decomposed PVDF at 470 °C. Reprinted 
from Ref [55], Copyright 1985, with permission from Elsevier. 
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Figure 2-5. Photos of the fluorination process. 
Figure 2-5 shows how to prepare the sample for fluorination. More detailed 
procedure is as follows: 
1. As-purchased pellets (∼ 4 mm diameter) were cut into eight pieces (a). 
2. The thin-film sample was covered in a piece of aluminum foil to prevent direct 
contact between PVDF and the sample (b). 
3. The sample and PVDF pellets were placed in a glass cup (c). 
4. The cup with sample was set on an alumina boat (d). 
5. The boat was placed in a tubular furnace, and heated under constant argon flow 
of 70 sccm. Excluding oxygen in the process would prevent oxidization and 
subsequent decomposition of the sample. 
2.3  Evaluation of crystal structure by X-ray diffraction 
(XRD) 
Discovered by von Laue in 1912, diffraction of X-rays is now widely used as a 
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fundamental tool for identifying the atomic structure of crystalline samples. In this section, 
the principles of XRD are briefly reviewed, and various scanning modes are introduced. 
2.3.1 Principles 
Bragg’s law 
When an X-ray with a certain wavelength λ is irradiated onto a crystalline specimen, 
it is reflected in discrete directions. Assuming that the specimen is made out of parallel 
planes spaced with a distance d, W. L. Bragg formulated the Bragg condition: 2𝑑𝑑 sin𝜃𝜃 = 𝑛𝑛𝑛𝑛, 
where n is a positive integer and θ is one half of the angle between the incident and 
reflected X-ray, i.e. the diffraction angle. Alternatively, the equivalent formula is obtained 
by introducing the notion of the reciprocal lattice. A reciprocal lattice is defined by three 
primitive vectors 
𝑏𝑏1���⃗ = 𝑎𝑎2����⃗ × 𝑎𝑎3����⃗𝑎𝑎1����⃗ ⋅ (𝑎𝑎2����⃗ × 𝑎𝑎3����⃗ ), 
𝑏𝑏2����⃗ = 𝑎𝑎3����⃗ × 𝑎𝑎1����⃗𝑎𝑎1����⃗ ⋅ (𝑎𝑎2����⃗ × 𝑎𝑎3����⃗ ), 
𝑏𝑏3����⃗ = 𝑎𝑎1����⃗ × 𝑎𝑎2����⃗𝑎𝑎1����⃗ ⋅ (𝑎𝑎2����⃗ × 𝑎𝑎3����⃗ ), 
where 𝑎𝑎1����⃗ ,𝑎𝑎2����⃗ ,𝑎𝑎3����⃗  are the three primitive vectors of a direct lattice. Using the notion of the 
reciprocal lattice, one can equivalently represent the condition for observing diffraction 
X-rays as 
∆𝑘𝑘�⃗ = ℎ𝑏𝑏1���⃗ + 𝑘𝑘𝑏𝑏2����⃗ + 𝑙𝑙𝑏𝑏3����⃗ , 
where ∆𝑘𝑘�⃗  is the difference between wave vectors of the incident and diffracted X-rays. 
This condition is called the Laue condition. 
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Optics of XRD 
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Figure 2-6. Two different optics in XRD. S and D represent the source of X-rays and 
the detector, respectively. 
Figure 2-6 describes two typical optical set-ups used in XRD, which are referred to 
as Bragg–Brentano and parallel beam geometry. In Bragg–Brentano geometry, the X-ray 
source, the detector, and the sample are situated so that they form a focusing circle, on 
which the sample is tangentially positioned. Each diffracted X-ray with the same 
diffraction angle 2θ is parafocused onto the detector due to the inscribed angle theorem. 
This geometry is usually used for measuring powder samples because of its well-balanced 
sensitivity and precision as well as simplicity. To achieve perfect focusing, the sample has 
to be bent along the focusing circle, so measurements of flat samples have an inherent 
error. 
On the other hand, to measure thin-film samples quantitatively, the parallel beam 
geometry is more suitable. In parallel beam geometry, the incident X-rays are collimated 
with a parabolically bent mirror made of a multilayer crystal (Göbel mirror). Parafocusing 
is no longer required, so one can choose the geometry of the sample with more degrees 
of freedom. 
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In this study, parallel beam geometry is used to evaluate the crystal structure of thin 
films as well as powder samples. Copper Kα1 radiation (λ = 1.5406 Å), monochromated 
through Ge double crystals, was adopted for most of the measurements. In 1D 
measurements of powder samples (described below) and all 2D measurements, Cu Kα1 
and Kα2 rays were not separated; the averaged wavelength of them (1.5418 Å) was 
utilized for analyses. 
2.3.2 Scanning modes 
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Figure 2-7. Geometry and drive parameters of the XRD system used in this study. 
Figure 2-7 shows various positioning controllable in the present XRD system 
(Bruker D8 DISCOVER). When measuring oriented crystals such as epitaxial thin films, 
one must adjust these parameters so that the Laue condition is satisfied. For example, if 
out-of-plane diffractions, i.e. diffractions from lattice planes parallel to the substrate 
surface, χ must be set to be 90°. For detection of diffracted X-rays, I used three different 
kinds of detectors: 2D, 1D, and 0D (Figure 2-8). Each detector has its own advantages, 
as follows. The 2D detector can detect X-rays reflected out of the horizontal plane in 
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contrast to the other two, so one can get information about crystal orientation easily. The 
0D detector has the highest resolution among the three. The resolution of the 1D detector 
is between that of 0D and 2D, but the diffraction intensity is high, so it is used to observe 
weak diffractions that are under the detection limits of the 0D or 2D detectors. 
 
Figure 2-8. Comparison among 0D (scintillation detector), 1D (PSD), and 2D 
(GADDS) detectors Reproduced from Ref  [56], Copyright 2000, JCPDS – 
International Centre for Diffraction Data (Open Access). 
Several scanning modes are adopted to obtain various kinds of information about 
crystalline films. The following lists the operation and what kind of data can be obtained 
by each of them. 
Locked coupled (2θ–θ) scan 
In locked coupled or 2θ–θ scans, the sample angle ω is fixed to be one half of 2θ. 
Symmetric reflections from the substrate or the film are detected. When c-axis oriented 
epitaxial thin films are measured, with χ = 90°, diffraction peaks appear at the positions 
of 00l (l =1, 2, 3…), from which the lattice parameter c is determined. 
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Rocking curve measurement (ω scan) 
Rocking curves measurement is a useful way to evaluate the quality of thin films. In 
these measurements, the 2θ value is fixed at a certain diffraction that satisfies the Bragg’s 
law, and intensity vs. ω plot is recorded. Roughly speaking, the full width half maximum 
(FWHM) of the peak in ω scan represents the degree of random deviation of crystalline 
lattice from complete alignment. Thus, the higher the crystallinity is, the smaller the 
FWHM becomes. 
Reciprocal space mapping 
  
Figure 2-9. Conversion between real and reciprocal spaces in reciprocal space 
mapping measurements. Plot (a) shows scanning region in the direct space, while (b) 
shows that in the reciprocal space. 
Reciprocal space mapping is a powerful method to visualize epitaxial relations 
between a substrate and film. In this measurement, a certain region in the reciprocal space 
is scanned by adjusting both 2θ and ω values. The parameters in the real space coordinate 
(2θ; ω) are converted into the reciprocal space coordination (qx, qz) by 
𝑞𝑞𝑥𝑥 = 1𝑛𝑛 (cos(2𝜃𝜃 − 𝜔𝜔) − cos𝜔𝜔) 
𝑞𝑞𝑧𝑧 = 1𝑛𝑛 (sin(2𝜃𝜃 − 𝜔𝜔) + sin𝜔𝜔), 
where λ is the wavelength of the incident X-ray. An example of the conversion is depicted 
2.4 Scanning transmission electron microscope (STEM) 
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in Figure 2-9. If the substrate and film have the same qx value, the film is grown coherently, 
i.e. the in-plane lattice in the film are completely locked to that in the substrate. 
2.4  Scanning transmission electron microscope 
(STEM) 
Every quantum-mechanical particle has wave–particle duality. Just as 
electromagnetic waves show particle-like behaviors, electrons can act as wave with its 
wavelength of 
𝑛𝑛 = ℎ
𝑝𝑝
, 
where h and p represent Planck’s constant and the momentum, respectively. This property 
is the basis of electron microscopes which uses electron waves instead of electromagnetic 
waves. One of the advantages of electron microscopes originates from short wavelengths 
of electron waves. The wavelength of electrons accelerated through a voltage of 200 kV 
is as short as 2.5 pm, much smaller than that of visible rays (380–750 nm). Since the 
resolution of a microscope (Rayleigh’s condition) is represented by 
𝛿𝛿 = 0.61 𝑓𝑓𝑛𝑛
𝑎𝑎
 
(a: radius of the aperture, f: the focal length of the lens), the shorter wavelength of 
electrons allows direct observation of atomic-level structure in a sample. 
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Figure 2-10 Schematic illustration of STEM. Reprinted from Ref [57] with 
permission from John Wiley and Sons, Copyright 2001. 
Scanning transmission electron microscopy (STEM) is a member of transmission 
electron microscope (TEM) family. Figure 2-10 schematically illustrates the principles of 
STEM. In contrast to conventional TEMs that uses parallel incident electron beams, 
electron beams are focused onto the sample, and the sample is scanned to obtain an image. 
Transmitted electrons are categorized into two groups by their emergence angle. When 
electrons diffracted in lower angles (∼ 10 mrad) are corrected, the image is called Bright-
field (BF) image. The obtained image is rather similar to that obtained with a conventional 
TEM. On the other hand, if electrons emerging in higher angles (50–150 mrad) are 
collected, quite different images can be obtained. In these high-angle annular dark-field 
(HAADF) or Z-contrast images, interference effect among electron waves diffracted by 
different atoms is suppressed compared to BF images. As a result, the contrast of HAADF 
images is almost entirely determined by the atomic number Z at each point, while 
conventional TEM images contain crystallographic information as well. In this study, 
STEM is used to obtain complementary information about the atomic arrangement in the 
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samples. 
2.5  X-ray photoelectron spectroscopy (XPS) 
 
Figure 2-11 Schematic view of the photoemission process. EB represents a binding 
energy of an electron. If the photon energy hν satisfies hν > EB+Φ0 (Φ0: the work 
function of a sample), a photoelectron is emitted. Distribution of kinetic energies of 
photoelectrons correspond to the density of states in the sample material. Reprinted 
from Ref  [58], licensed under CC BY-NC-SA version 3.0.  
XPS is one of the most widely used techniques to obtain both qualitative and 
quantitative information about the atoms located near the surface of a sample. Figure 2-11 
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schematically describes the photoemission process. When ultraviolet or X-ray photons 
are irradiated on the surface to be analyzed, the energy hν of a particular phonon is 
completely transferred into an electron in the sample with a binding energy EB, which 
results in a photoelectron emission with kinetic energy 
𝐸𝐸kin = ℎ𝜈𝜈 − 𝐸𝐸B −Φ0, 
where Φ0 is the work-function term of the order of several eV. Since the binding energy 
of a core-level electron is specific to each chemical element, constituent elements of the 
sample can be determined from the measured kinetic energy of photoelectrons. In addition, 
by observing slight change in EB that reflects the chemical environment of an atom, it is 
possible to obtain chemical information such as chemical valence. Alternatively, by 
observing the intensity of photoelectrons emitted from the states near the Fermi level, one 
can obtain the information about the density of states (DOS) near the Fermi level. This 
helps us understand the physical properties of materials, because they are often governed 
by the nature of valence electrons. 
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Figure 2-12. Inelastic mean free path (in nm) of electrons with different kinetic 
energies for various materials. Reprinted from Ref  [59] with permission from John 
Wiley and Sons, Copyright 1979. 
Electrons excited inside the sample need to travel a certain length through a solid 
matrix before losing their kinetic energies by inelastic collisions. This inelastic mean free 
path is a function of electron kinetic energy, and it represents the probing depth from the 
surface. As shown in Figure 2-12, at typical photon energies used for laboratory XPS 
(250–1500 eV), the mean free path is about 1–5 nm, which makes XPS surface sensitive. 
On the other hand, with higher energy X-ray photons or hard X-rays (up to 10 keV), the 
inelastic mean free path reaches the order of 10 nm, which enables more bulk-sensitive 
measurements. This technique is called hard X-ray photoelectron spectroscopy 
(HAXPES). Usually HAXPES is performed with synchrotron X-rays as light source, in 
order to make up for lower photoionization cross-sections of atoms against hard X-rays. 
As mentioned before, the inelastic mean free path of photoelectrons are limited to 
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several nanometers. Therefore, to gain knowledges about the chemical composition in 
deeper regions, sputtering-assisted measurements are often required. In sputtering-
assisted XPS, stepwise removal of the surface and measurements are performed by 
alternating cycles of sputtering and photoelectron measurements. In this study, I used 
ULVAC-PHI’s PHI 5000 VersaProbe II available in Nano-Engineering Research Center, 
Institute of Engineering Innovation, School of Engineering, University of Tokyo. 
Aluminum Kα characteristic line (hν = 1486.6 eV) was used as X-ray source. Depth 
profiling was performed with an Ar+ sputtering gun with its acceleration voltage of 0.5–
2 keV. XPS was employed to determine the relative difference in composition among 
samples. Quantitative composition analysis was done for a limited number of samples by 
using elastic recoil detection analysis, described in the next section. 
2.6  Elastic recoil detection analysis (ERDA) 
When the incident projectile beams with atomic number of Z1, atomic mass of M1, 
and kinetic energy of E1 collide with target atoms, a process called Rutherford scattering 
occurs, which originates from Coulomb interaction between the two atoms. The kinetic 
energy of the recoiled atoms E2 and that of the projectile ES are expressed as 
𝐸𝐸2 = � 4𝑀𝑀1𝑀𝑀2(𝑀𝑀1 + 𝑀𝑀2)2 cos2 𝜃𝜃�𝐸𝐸1, 
𝐸𝐸S = �((𝑀𝑀2)2 − (𝑀𝑀1 sin𝜃𝜃)2)12 + 𝑀𝑀1 cos 𝜃𝜃𝑀𝑀1 + 𝑀𝑀2 �2 𝐸𝐸1, 
where M2 represents the atomic mass of recoiled atoms and θ the scattering angle. The 
recoil cross-section (in cm2) for Rutherford scattering is: 
σR = 5.18 × 10−27 �𝑍𝑍1𝑍𝑍2(𝑀𝑀1 + 𝑀𝑀2)𝑀𝑀2𝐸𝐸1 �2 1cos3 𝜃𝜃, 
with projectile energy E1 given in MeV. 
When measuring flat, solid samples, we can also obtain information about the depth 
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at which the scattering occurred by taking into account the energy loss before the recoiled 
atoms escape from the sample surface. Ions recoiled from a depth of x possesses the 
kinetic energy of 
𝐸𝐸′ = 𝐸𝐸2 − 𝑥𝑥𝑥𝑥𝜀𝜀R, 
where N is the atomic density and εR is called the recoil stopping cross-section factor. 
 
Figure 2-13. Schematic image of the ERDA system used in this study. Reprinted from 
Ref  [60] with permission from Elsevier. 
In Elastic Recoil Detection Analysis (ERDA), one observes the intensity of the 
recoiled target atoms (not the scattered projectiles) for quantitative evaluation of the 
amount of elements. The ERDA system used in this study is schematically shown in 
Figure 2-13. ERDA measurements were performed using a 38.4 MeV Cl7+ ion beam 
generated by the 5 MV tandem accelerator at Micro Analysis Laboratory, Tandem 
accelerator (MALT), University of Tokyo [60]. For chemical identification of elements, 
it is necessary to distinguish scattered elements with the same energy E’ but with different 
atomic number Z2. This can be achieved by the (ΔE – E) method, where the specific 
energy loss ΔE of the detected ions in a gas chamber was simultaneously observed along 
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with the kinetic energy E. 
2.7  Energy-dispersive X-ray spectroscopy (EDS) 
When an atom is ionized by electron beams, ion beams, or high-energy photons, the 
characteristic secondary X-ray is sometimes emitted. The wavelength of these 
characteristic X-rays is specific to each element, like binding energy of an inner-core 
electrons described in Section 2.5, which allows quantitative elemental analysis. 
There are two methods to detect characteristic X-rays: wavelength-dispersive and 
energy-dispersive detections. In wavelength-dispersive detectors, emitted X-rays are 
dispersed using an analyzing crystal, which diffracts the X-ray beams based on the 
Bragg’s law. Though this method has high energy resolution, the experimental setups tend 
to be rather complex. In the other method, energy-dispersive detection, the beams are 
introduced in a semiconductor detector that generates electron-hole pairs by X-ray 
excitation. By counting the number of generated electron-hole pairs, the energy of emitted 
photons can be estimated. 
In this study, an EDS system equipped in a scanning electron microscope (JEOL 
JSM-7100F) was used. Its energy resolution was 130 eV. 
2.8  Secondary ion mass spectrometry (SIMS) 
SIMS is one of ion beam sputtering technique. First, primary ions accelerated at 
several keVs are irradiated on the specimen. When an enough amount of the kinetic 
energy of the primary ions is transferred on an atom in the specimen, it is sputtered out of 
the sample surface. While more than 90 % of the sputtered species are charge-neutrals, a 
small amount of them are released as charged particles. These secondary ions were 
analyzed by mass spectrometry to obtain quantitative information. An important 
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advantage of this method is that it can detect all elements, from hydrogen to uranium. 
Furthermore, it can distinguish different isotopes, e.g. 1H and 2D, and has extremely low 
detection limits (~ 100 ppt). A potential drawback is significant matrix effect resulting 
from complicated relations between measured secondary-signals and the chemical 
composition of the sample. 
In this thesis work, SIMS was used to investigate concentration of hydrogen inside 
samples. Primary ions were Cs+ with acceleration voltage of 1.0 keV. To perform 
quantitative analysis, SrTiO3 with a known amount of implanted hydrogen was used as 
reference for all measurements. 

Chapter 3.  Synthesis of defect-fluorite NdNiOxHy from 
NdNiO3 precursors: growth and crystal orientations* 
3.1  Introduction 
The topotactic reaction of transition-metal oxides with metal hydrides is utilized as 
a facile and efficient synthesis approach for novel or mixed-anion oxides [61,62]. In this 
class of reaction, metal hydrides can act as either strong reducing reagents for removing 
oxide anions or incorporating hydride anions. Reactions with the former role yield 
transition-metal oxide phases with exceptionally low oxidization states (Ni+, Ru2+, 
Co+) [6,63–66], unusual coordination networks (square-planar Fe2+) [27], or both, while 
those with the latter allow the preparation of oxyhydrides [29,33,35] such as 
LaSrCoO3H0.7, BaTiO3−xHx, and SrVO2H. Topotactic reactions can be performed at low 
reaction temperatures; for example, a typical reaction temperature during oxygen 
deintercalation or hydride ion incorporation is below 500 °C, which is considerably lower 
than those of conventional “hard” solid-state reactions (~1000 °C). Reactions at these low 
temperatures, classified as “soft” chemical reactions, enable the synthesis of metastable 
compounds, such as oxyhydrides, that can decompose easily at elevated temperature. 
Although topotactic reactions are typically used to produce powdered samples, 
several groups have applied the metal-hydride reaction to thin films, reporting 
fabrications of LaNiO2 [47,48], SrFeO2 [67], Sr1−xEuxFeO2 [68], ATiO3−xHx [69] (A = Ca, 
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Ba, or Sr), SrCoOxHy [36], and LaSrCoO4−xHx [51] as thin films. The topotactic reaction 
of epitaxial thin films allows the preparation of single-crystalline films, which can be used 
to measure the intrinsic physical properties of materials. In addition, the concentration of 
introduced heteroatoms can be much higher in films than in bulk samples because of the 
higher reactivity of thin films. Katayama et al. [70] recently reported that a SrFeO2 thin 
film, obtained by a topotactic reaction between SrFeO2.5 and CaH2, contained a significant 
amount of hydrogen (~3 × 1021 atoms/cm3). The hydrogen could serve as an electron 
acceptor and generate metallic conductivity, in contrast with bulk SrFeO2. 
Here, I investigate the topotactic reaction of perovskite NdNiO3 epitaxial thin films 
with CaH2. Perovskite NdNiO3 shows a metal–insulator transition at 200 K [1] associated 
with charge ordering and a structural transition [71]. The reduction of NdNiO3 powder 
using metal hydride was reported to yield infinite-layer NdNiO2+x [6,63], although the 
presence of hydrogen in the reduced product was not confirmed. In this study, I found 
that the CaH2 treatment of NdNiO3 epitaxial thin films completely altered the cation 
framework, producing defect-fluorite-structured NdNiOxHy. Moreover, the growth 
orientation of the defect-fluorite phase changed as a function of the reaction temperature 
with CaH2. 
3.2  Experimental methods 
Epitaxial NdNiO3 thin films were deposited as precursors onto SrTiO3 (STO) (100) 
substrates (Shinkosha Co., Ltd.) by pulsed laser deposition (PLD) at a substrate 
temperature of 650 °C, oxygen partial pressure of 13 Pa, laser (KrF excimer, 248-nm 
wavelength) fluence of 2 J/cm2, and repetition rate of 5 Hz. The obtained precursor films 
were then reacted with CaH2 powder (Wako Pure Chemical Industries, Ltd.) in a Pyrex 
tube evacuated with a rotary pump. The reaction temperature and reaction time were 
varied in the ranges of 240–400 °C and 1–24 h, respectively. After the reaction, the film 
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was ultrasonically washed with 2-butanone to remove residual powders from the surface. 
The crystal structures of the samples were characterized by X-ray diffraction (XRD, 
Bruker AXS D8 Discover) with Cu Kα radiation, as well as by high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM, Hitachi High-
Technologies Co., HD-2700). The amount of hydrogen within the films was measured by 
dynamic secondary-ion mass spectrometry (SIMS, ULVAC-PHI PHI-ADEPT1010, 
primary ion: Cs+, secondary ion: H−, acceleration voltage: 1.0 kV, detection limit: 1×1019 
cm−3, depth resolution: ~3 nm). 
3.3  Results and Discussion 
Figure 3-1 shows out-of-plane 2θ–θ XRD patterns of the precursor NdNiO3 film on 
the STO (100) substrate and the film after reaction with CaH2 at 240 °C for 12 h. The 
pattern of the precursor films shows the 002 diffraction peak of perovskite NdNiO3 at 2θ 
= 48.05°. The out-of-plane lattice constant c is calculated as 3.78 Å, in good agreement 
with previously reported values [72,73]. Reciprocal space mapping (RSM) around the 
103 asymmetric diffraction (Figure 3-2b) reveals that the in-plane lattice of the NdNiO3 
(a-axis) is completely locked to the STO substrate. The in-plane lattice constant is larger 
than the out-of-plane one, indicating that the film is under in-plane tensile strain from the 
substrate. Meanwhile, in the 2θ–θ pattern of the film treated with CaH2 (Figure 3-1a), the 
peak from NdNiO3 has completely disappeared; a new peak at 2θ ≈ 55.8° (d = 1.65 Å) 
has emerged, which corresponds to the 002 diffraction of infinite-layer NdNiO2. In RSM 
(Figure 1c), the NdNiO2 103 peak is located just above that of STO 103, demonstrating 
that the epitaxial relation between film and substrate is maintained during the chemical 
reaction with CaH2. However, the intensity of the NdNiO2 002 diffraction is much weaker 
than that in the pattern of the precursor film. Furthermore, in the RSM image, the 
diffraction spot is significantly elongated along the qz direction. These changes suggest 
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that NdNiO2 exists as a very thin layer within the film. 
 
Figure 3-1. (a) XRD 2θ–θ patterns before (black) and after (red) the reaction with 
CaH2 at 240 °C. Reciprocal space maps (b) before and (c) after the reaction. 
To obtain further information on the crystal structure, I performed atomic-level 
HAADF-STEM imaging of the CaH2-treated film. Figure 3-2a shows a large area (~200 
nm width) HAADF image of the CaH2-treated film, indicating almost no contrast. Since 
the brightness of HAADF images depends on the atomic number of the constituent 
elements, the lack of contrast indicates that neodymium and nickel are homogeneously 
distributed in the film with no cation segregation. Figure 3-2b is a high-resolution image 
taken near a film/substrate interface. In the region near the substrate (Region ii), a 
rectangular lattice with (a, c) = (3.9 Å, 3.3 Å), representing c-axis oriented NdNiO2, is 
observed. The thickness of this region is approximately ten monolayers; this explains the 
weakness and breadth of the NdNiO2 diffraction peak in Figure 3-1. Figure 3-2b also 
indicates the presence of a thin interfacial layer measuring ~0.5 nm in thickness (Region 
i). A similar interfacial layer was observed in infinite-layer Sr0.9La0.1CuO2 thin films 
grown by molecular-beam epitaxy [74]; it was proposed to promote the growth of the 
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infinite-layer phase. 
 
Figure 3-2. (a) Wide and (b) magnified view of HAADF-STEM images after the 
reaction at 240 °C for 12 h. Inset: Fourier transform of the fluorite phase region (iii). 
Green and red circles show the positions of neodymium and nickel atoms, 
respectively. 
Meanwhile, the atomic arrangement in Region iii, located above Region ii and 
occupying most of the film, is completely different from that of NdNiO2: each atom in 
Region iii is imaged with a contrast brighter than that of nickel but darker than that of 
neodymium in Region ii. This suggests that the metals are randomly distributed in Region 
iii. The lattice image in Region iii can be understood by assuming a face-centered cubic 
(fcc) lattice viewed along the [110] direction, as depicted by the green and red points in 
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the figure. From the Fourier transform of the HAADF image (inset in Figure 2b), the 
lattice constant is estimated as 5.5 Å. The observed atomic arrangement and lattice 
constant are near those of a fluorite-structured oxyhydride, NdHO (a = 5.61 Å in 
pseudocubic notation) [75]. Therefore, I tentatively conclude that the reaction of NdNiO3 
with CaH2 yields a fluorite-structured NdHO-related phase as a major component of the 
film; hereafter, this is called the fluorite phase. 
 
Figure 3-3. (a) Depth dependence of atomic hydrogen density (nH) after the reaction 
at 240 °C. (b) Differential secondary-ion intensity (dI/dx) of each element. (c) EDS 
spectra of the films before (black) and after the reaction (blue, red), measured at an 
acceleration voltage of 2.5 kV. 
In order to determine the chemical composition of this NdHO-related fluorite film, 
I performed dynamic SIMS and EDS measurements. Figure 3-3a shows a hydrogen depth 
profile measured by SIMS for the sample treated with CaH2 at 240 °C, clearly indicating 
that hydrogen is homogeneously distributed in the film. The hydrogen density is 
evaluated as ~9 × 1021 atoms/cm3 (0.7 per formula unit, fu), although this has some 
uncertainty because hydrogen-implanted STO was used as a standard reference. The 
hydrogen density in the substrate was more than one order of magnitude smaller than that 
in the film. Figure 3b plots the differential secondary-ion intensities of strontium, titanium, 
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neodymium, nickel, and hydrogen. As observed, the hydrogen density abruptly drops at 
a position several nanometers shallower than the film–substrate interface. This indicates 
that hydrogen is mainly incorporated into the fluorite phase, rather than the infinite-layer 
NdNiO2. 
Figure 3-3c compares the EDS spectra of the film before and after the reaction with 
CaH2. The nickel/neodymium ratio remains constant, whereas the intensity of the O Kα 
peak is suppressed by 20% after the reaction. Assuming that the peak intensity of each 
element is proportional to its concentration, the oxygen density is estimated as 2.3/fu. 
From these results, the chemical formula of the fluorite phase is estimated as NdNiOxHy 
with (x, y) ≈ (2.3, 0.7). The total anion (oxygen + hydrogen)/cation (neodymium + nickel) 
ratio is approximately 3/2, smaller than the ideal value of 2, which suggests that the 
obtained oxyhydride phase has the defect-fluorite structure. 
Finally, I describe the selective synthesis of the oxyhydride phase via solid-phase 
reaction with CaH2 at higher temperature. Figure 3-4a and 4b show the out-of-plane (χ = 
90°) and asymmetric (χ = 35°) XRD patterns for the film prepared at 400 °C. Notably, the 
former indicates no peaks assignable to the infinite-layer NdNiO2 phase, whereas a clear 
peak from the fluorite oxyhydride phase is observed in the latter, demonstrating the 
formation of a phase-pure oxyhydride phase without infinite-layer NdNiO2. The peak at 
2θ = 28° in Figure 3-4b is assignable to the 111 diffraction of the fluorite phase. This 
implies the oxyhydride film heat-treated at 400 °C is [110]-oriented, in contrast to the 
film prepared at 240 °C with [001]-orientation. A HAADF-STEM measurement also 
confirms this orientation change. Most of the film consisted of the [110]-oriented crystals 
(as in Figure 3-4c), while the crystals adjacent to the substrate–film interface (2–3 nm 
thick, Figure 3-4d) remained [001]-oriented. Additionally, SIMS measurement revealed 
that this sample contained 6 × 1021 cm−3 of hydrogen (0.5/fu), comparable to that of the 
sample prepared at the lower temperature of 240 °C (0.7/fu). The EDS measurement 
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confirmed that the neodymium and nickel contents in this film were invariant after the 
heat-treatment, while the oxygen content decreased from 2.3 (at 240 °C) to 1.7 (at 400 °C). 
If hydrogen is present as H−, H, or H+, the nominal valence state of nickel is calculated to 
be +0.9, +0.4, or −0.1, respectively. Though +3 (as in NdNiO3), +2 (as in NiO), and +1 
(as in NdNiO2) states of nickel are known in extended oxides, to the best of our knowledge, 
there are no reports on zero or negative charge states of nickel oxides. Therefore, it seems 
natural to assume that hydrogen exists as hydride anions rather than protons or charge-
neutral atoms. 
 
Figure 3-4. (a) Out-of-plane (χ = 90°) and (b) in-plane (χ = 35°) XRD patterns of the 
films reacted at 400 °C for 24 h. HAADF-STEM images of the film reacted at 400 °C 
for 24 h (c) at the middle of the film and (d) at the interface between the film and the 
substrate. 
In the [001]-oriented fluorite film obtained at 240 °C, the [110] and [1-10] axes of 
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NdNiOxHy are parallel to the [100] and [010] directions of the STO substrate, respectively. 
The cubic lattice constant a of the substrate (3.905 Å) and 𝑎𝑎/√2 of the fluorite phase 
(≈ 3.9 Å) are nearly equal; thus, it is natural that [001]-orientated fluorite is grown on 
STO (100). Meanwhile, the orientation change mentioned above is contrary to my 
prediction based on the epitaxial relation between the fluorite film and substrate. In the 
[110]-oriented NdNiOxHy film obtained at 400 °C, the [1-10] and [001] axes are parallel 
to the [100] and [010] directions of the substrate, respectively. In this orientation, the in-
plane lattice of NdNiOxHy has a rectangular shape with axes of 3.9 Å (along [100]substrate) 
and 5.5 Å (along [010]substrate). The latter value is incommensurable with that of the 
substrate and thus the [110]-oriented NdNiOxHy film is expected to have a lattice match 
poorer than that of the [001]-oriented crystal. A similar orientation change was reported 
in LaNiO2 thin films obtained by the topotactic reduction of LaNiO3, in which c-axis-
orientated LaNiO2 with better lattice matching transformed to a-axis-orientated LaNiO2 
with poorer lattice matching as the reaction time or temperature increased [76]. 
These results suggest that the crystal growth direction is determined by kinetics 
rather than by thermodynamics including epitaxial stabilization. One possible explanation 
is that the anisotropic diffusion of atoms promotes a specific arrangement of atoms with 
respect to the substrate lattice. Because the topotactic reaction on thin films mainly occurs 
from their surfaces, the atomic diffusion perpendicular to the film surface dominates the 
reaction [77]. The growth of (110) oriented NdNiOxHy, contrary to my expectation, may 
be the consequence of such perpendicular diffusion of the constituting atoms. Further 
studies on chemical transport properties such as anisotropic ionic conductivity may help 
to elucidate the detailed mechanisms. 
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Figure 3-5. Comparison of crystal orientations of the oxyhydride NdNiOxHy films 
reacted at different temperatures. 
3.4  Conclusions 
I have investigated the soft chemical reaction of NdNiO3 thin films with CaH2. As 
seen in Figure 3-5, when the precursor film was reacted at 240 °C, [001]-oriented 
NdNiOxHy (x ~ 2.3, y ~ 0.7) with a defect-fluorite structure was grown on a thin 
interfacial layer of infinite-layer NdNiO2. At the elevated reaction temperature of 400 °C, 
I observed the growth of a [110]-oriented defect-fluorite phase, although it seemed more 
poorly lattice-matched to SrTiO3 [100] than the [001]-oriented NdNiOxHy did. 
The incorporation of a large amount of hydrogen into the films suggests the potential 
of NdNiOx for hydrogen storage. Hydrogen storage using single crystals is not practical 
because of small surface/volume ratio. However, they are useful for the observation of 
fundamental kinetics of diffusion-controlled reactions.
Chapter 4.  Topotactic synthesis of NdNiO3−xFx thin films 
and their electrical properties† 
4.1  Introduction 
Transition-metal oxides exhibit a wide variety of electronic and magnetic properties 
owing to the interplay between the multiple degrees of freedom, such as the charge, lattice, 
spin, and orbital [1,78]. These properties include multiferroicity [79], the Mott 
transition [80], and high-Tc superconductivity [81]. Among these materials, rare-earth 
nickelates (RNiO3, where R represents rare earth elements) have been the subject of long-
standing interest in the nascent field of oxide electronics. RNiO3 is known to undergo a 
first-order metal-insulator transition (MIT), depending on the ionic radius of R [82,83]. 
While the detailed mechanism of the MIT is still a matter of debate, it has been suggested 
that the charge disproportionation of nickel ions (Ni3+ → Ni(3+δ)+ / Ni(3−δ)+) plays a 
crucial role in the MIT [71,84–87]. The resistance change of one to two orders of 
magnitude that is associated with the transition has been exploited to develop electronic 
devices called Mott transistors. Among the various RNiO3 materials being explored, 
NdNiO3, which exhibits a temperature-driven MIT at ~200 K, is among the most widely 
studied nickelates. It has been reported that the transition temperature of NdNiO3 can be 
lowered by gating with an electric double-layer transistor; the application of a negative 
gate voltage decreased TMI by ~40 K [88,89]. However, to be able to electrically control 
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the phase transition in NdNiO3, an ultrathin film with thickness of less than 10 nm is 
required because a large amount of carriers are present in the metallic state (~1022 cm−3). 
Chemical modification is an alternative approach for modulating the resistance of 
this material. A typical example is aliovalent substitution at the Nd site in NdNiO3; the 
substitution of either divalent (Sr2+ or Ca2+) or tetravalent (Th4+) ions for Nd3+ produces 
hole or electron carriers, respectively, and subsequently lowers the transition 
temperature [90]. Recently, proton doping at the interstitial sites and the incorporation of 
oxygen vacancies have also been attracted much attention, because the related chemical 
reactions, namely, the incorporation/extraction of hydrogen or oxygen, is often reversible, 
potentially allowing for the reversible switching of the resistance. Ramanathan and co-
workers doped protons into RNiO3 (R = La, Nd, Sm, or Eu) using a platinum-catalyzed 
intercalation reaction [91,92] while Wang et al. introduced oxygen vacancies into NdNiO3 
through annealing in a vacuum [93]. In both cases, an increase in resistance by more than 
six orders of magnitude was observed. 
The aliovalent substitution of fluoride ions at the oxygen sites would also provide 
additional electrons to the nickel ions and significantly change the electronic properties 
of perovskite nickelates. Furthermore, the fluorine substituted at the oxygen sites would 
directly affect the connectivity of the Ni-anion network, which is responsible for electrical 
conduction in the nickelates. Thus, fluorine substitution may have as large effect on the 
electric conductivity as proton or oxygen-vacancy doping. Here I demonstrated fluorine 
substitution in epitaxial NdNiO3 thin films through low-temperature topotactic 
fluorination with polyvinylidene fluoride (PVDF) [45,49,94] and investigated the 
physical properties as well as the electronic structures of the doped thin films. After 
fluorine incorporation, the films showed highly insulating properties, with the room-
temperature resistivity being more than six orders of magnitude higher than that of as-
grown NdNiO3. Soft X-ray absorption and hard X-ray photoelectron and spectroscopies 
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(XAS and HAXPES, respectively) revealed that the chemical valence of the Ni ions 
changed from Ni3+ to Ni2+ with the fluorine substitution In addition, the electronic density 
of states at the Fermi level (EF) decreased. Moreover, the incorporated fluorine could be 
removed completely by annealing the thin films in oxygen, leading to conclusion that it 
should be possible to fabricate resistance-switching devices by controlling the fluorine 
content in NdNi(O,F)3. 
4.2  Experimental Methods 
Epitaxial NdNiO3 thin films with a thickness of ~70 nm were deposited as precursors 
onto SrTiO3 (100) (STO) substrates (Shinkosha Co., Ltd.) by pulsed laser deposition. The 
deposition conditions were as follows: substrate temperature of 650 °C, oxygen partial 
pressure of 13 Pa, laser (KrF excimer, 248-nm wavelength) fluence of 2.0 J cm–2, and 
repetition rate of 5 Hz. The fabricated precursor films were then reacted with 
polyvinylidene fluoride (PVDF) pellets (Fluorochem Ltd.) to introduce fluorine. The 
precursor film was heated with 0.1 g of PVDF in an argon gas flow of 70.0 mL min–1. In 
keeping with the method previously developed by our group, the film was tightly wrapped 
in Al foil, and PVDF pellets were placed on the foil. Wrapping was used in order to 
prevent the adhesion of the charcoal-like residue produced by the decomposition of 
PVDF [49]. The reaction temperature and time were varied between 240–350 °C and 3–
24 h, respectively. 
The crystal structures of the films were characterized by X-ray diffraction (XRD) 
analysis (Bruker AXS D8 Discover) performed using Cu-Kα radiation. The film 
thicknesses were measured by the X-ray reflectivity method (Bruker AXS D8 
DISCOVER). The chemical compositions of the films were measured using X-ray 
photoelectron spectroscopy (XPS, ULVAC-PHI PHI5000 VersaProbe), which was 
performed using an Al-Kα X-ray source and Ar+ sputtering; scanning electron 
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microscopy-energy dispersive X-ray spectroscopy (SEM-EDS, JEOL JSM-7100F); and 
elastic recoil detection analysis (ERDA), which was performed using a 38.4 MeV Cl7+ 
ion beam generated by the 5 MV tandem accelerator at Micro Analysis Laboratory, 
Tandem accelerator (MALT), the University of Tokyo [60]. The optical gap values were 
determined using an UV–visible–near-infrared (UV–Vis–NIR) spectrometer (Jasco 
V670DS). The HAXPES spectra of the core levels and valence bands were measured with 
an electron energy analyzer (VG SCIENTA Scienta R-4000), which had an energy 
resolution of 0.27 eV, at a photon energy of 7.94 keV at beamline BL47XU at the SPring-
8 facility. The XAS spectra were measured by the total-electron yield method using 
beamline BL-2A at the Photon Factory, KEK. All the spectra were measured at 300 K. 
Finally, the electrical resistivities of the samples were measured in a cryostat (Quantum 
Design PPMS) using the four-wire geometry. 
4.3  Results and Discussion 
 
Figure 4-1. Depth profile of fluorine inside the film after reaction with PVDF, 
measured by sputter-assisted XPS. 
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First of all, I optimized the reaction temperature during reaction with PVDF. Figure 
4-1 shows fluorine concentration depth profile measured by sputter-assisted XPS. There 
are two plots from different samples; one is reacted at 350 °C and the other at lower 
temperature of 240 degrees. Reaction time was same: 12 hours for both samples. At 350 
degrees, the entire depth region of the thin film was fluorinated. In contrast, when NdNiO3 
and PVDF were reacted at 240 °C, fluorine distribution was quite inhomogeneous and the 
deeper region of the film was not fluorinated. This could be interpreted by considering 
reaction mechanisms. In topotactic reaction, two kinetic factors are important: ion 
exchange at surface, and inner diffusion of oxygen and fluorine atoms. If the temperature 
is too low, poor diffusion prevents preparation of homogeneous samples. Thus, 
moderately high temperature of 350 °C was required for enough inner diffusion of 
fluorine. In the following discussion, the reaction temperature was fixed at 350 °C. 
 
Figure 4-2. XRD 2θ–θ patterns of precursor NdNiO3 and fluorinated films. S and F 
denote diffraction peaks related to SrTiO3 substrate and film, respectively. 
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Figure 4-2 shows the out-of-plane 2θ–θ X-ray diffraction (XRD) pattern of a 
precursor NdNiO3 film deposited on a SrTiO3 (STO) (100) substrate as well as those of 
the thin films reacted with PVDF at 350 °C for 1, 3, 12, and 24 h. The XRD pattern of the 
precursor film (black line) shows the 002 diffraction peak of perovskite NdNiO3 at 
2θ = 47.87°. The out-of-plane lattice constant, c, was calculated to be 3.80 Å, which is in 
good agreement with previously reported values [95,96]. After the as-grown oxide films 
were treated with PVDF, the 002 diffraction peak steadily shifted to lower angles with an 
increase in the reaction time and was observed at 44.60° in the case of the film treated for 
24 h, indicating that out-of-plane lattice expansion occurred after fluorination with PVDF. 
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Figure 4-3. ΔE–Eres. (residual energy) ERDA histograms of (a) NdNiO3/SrTiO3 and 
(b) NdNiOxFy/SrTiO3 (12 h fluorination). (c) and (d) show spectra of O (F) recoils 
extracted from (a) and (b), respectively, along with the fitting results. 
Next I investigated the amount of incorporated fluorine inside the reacted film. To 
determine the absolute chemical composition (x and y in NdNiOxFy), I performed the 
elastic-recoil detection analysis (ERDA) for the sample fluorinated for 12 h. Figure 4-3 
shows ΔE–E histograms and extracted energy profile of oxygen and fluorine in the 
precursor and fluorinated samples. They are fitted with the following formula: 
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Here, Eres is the independent variable, and Eedge and Einterface are the fitting parameters 
corresponding respectively to the channel numbers of the leading edge and interface. 
Further, wedge and winterface are the fitting parameters that signify the energy broadening at 
the leading edge and interface, respectively. Finally, C1, C2, and C3 are the fitting 
parameters that represent the yields of O in the film, O in the substrate, and F in the film, 
respectively. Taking into account the stopping powers of the film and substrate materials 
for O and F and recoil cross sections and assuming the oxygen concentration in the as-
grown oxide to be 3.0 (NdNiO3), I derived the composition of the film after fluorination 
for 12 h to be NdNiO2.1F0.9. This indicates that the reaction between NdNiO3 and PVDF 
causes the partial substitution of oxygen anions for fluoride anions; thus hereafter I 
assumed that the reaction yielded the oxyfluoride NdNiO3−xFx for all the samples with 
different reaction time. 
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Figure 4-4. Depth-dependence of fluorine concentration as measured by XPS with 
Ar+ sputtering. Film–substrate interface was determined as the location at which the 
intensities of the Nd, Ni, Sr, and Ti peak change abruptly. 
The anion compositions of the films with different reaction time were compared by 
depth-resolved X-ray photoelectron spectroscopy (XPS) measurements, as shown in 
Figure 4-4. It was observed that, with an increase in the reaction time, fluorine atoms 
were gradually incorporated into the films, confirming that the films were successfully 
fluorinated and their fluorine content could be controlled by varying the reaction time. 
Obviously, the entire film, from the surface to the film/substrate interface, was 
fluorinated; although the topmost surface region had a higher fluorine concentration 
possibly due to small amounts of surface residues, the fluorine distribution inside the film 
was rather smooth. The change of the lattice constant as a function of the reaction time 
showed non-linear, sigmoid-like dependence (Figure 4-5a). The fluorine content inside 
the film was proportional to their lattice constant, obeying Vegard’s law (Figure 4-5b). 
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Figure 4-5. Relationships between (a) the out-of-plane lattice constants and the 
reaction time, and (b) fluorine content (x in NdNiO3−xFx) and the out-of-plane lattice 
constant. In the plot (b), the x values showed linear dependence on the lattice 
constants, obeying Vegard’s law. 
 
Figure 4-6. RSMs around the 103+ asymmetric diffraction for the as-grown film and 
those fluorinated for 3 and 24 h. NNO, STO, and NNOF represent NdNiO3, SrTiO3, 
and NdNiO3−xFx, respectively. 
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The reciprocal space maps (RSMs) around the 103+ asymmetric diffraction of the 
as-grown and fluorinated films were recorded (Figure 4-6). The qx value (2.56 nm−1) of 
the diffraction spot of the NdNiO3 film was the same as that in the case of the substrate. 
That indicates that the film underwent epitaxial strain from the substrate, and the in-place 
lattice was at least partially locked to that of the substrate. While the out-of-plane 
coordinate, qz, of the diffraction spot decreased after fluorination, the in-plane coordinate, 
qx, showed almost no shifts, even though the peak itself became broader, which was 
indicative of a decrease in crystallinity. These observations suggest that the cube-on-cube 
epitaxial relationships between film and substrate lattice were unchanged during the low-
temperature fluorination process. 
 
Figure 4-7. XAS spectra of as-grown and 24 h-fluorinated films. Dashed plots are 
taken from literature [97]. 
Although the ionic radius of F− (133 pm) is smaller than that of O2− (140 pm) [98], 
the lattice constants of the films increased after fluorination. This can be attributed to the 
Chapter 4. Topotactic synthesis of NdNiO3−xFx thin films and their electrical properties  
66 
 
change in the chemical valence state of the nickel ions; the fluorine substitution process 
produces additional electrons, which reduce the nickel ions from Ni3+ to Ni2+. These extra 
electrons enter the antibonding σ* (Ni 3d–O/F 2p) orbitals, increasing the length of the 
bonds between the nickel atoms and the anions. To confirm the valence associated with 
fluorination, I performed Ni L-edge XAS measurements, as shown in Figure 4-7. It is 
known [97] that the Ni 2p XAS spectrum of Ni3+ is very different from that of Ni2+. Figure 
4-7 also shows the XAS spectra from previous studies as references. Obviously, the 
spectrum of the as-grown film resembles that of NdNi3+O3. On the other hand, the 
spectrum changes to that corresponding to Ni2+ after fluorination, supporting the above-
mentioned claim that the nickel ions undergo reduction and that their valence state 
changes from +3 to +2 upon fluorine substitution. 
Next, I discuss the electrical and optical properties of the NdNiO3−xFx thin films. 
After fluorination for 3 h, the film sheet resistance increased dramatically, from 3×102 
Ω/sq. to ~ 1×109 Ω/sq. The latter value was comparable to the resistance of the insulating 
STO substrates, which made it difficult to investigate the intrinsic electrical transport 
properties of the NdNiO3−xFx thin films. A similarly large change in resistivity, of more 
than six orders of magnitude, was also observed during the annealing of NdNiO3 in an 
ultra-high vacuum [93]. Figure 4-8 shows the optical absorption coefficients, α, of the 
NdNiO3−xFx films as functions of the incident photon energy. For energies lower than 
3.0 eV, α decreased monotonically with an increase in the reaction time, suggesting that 
the carrier density was reduced significantly by fluorine substitution. The linear onset of 
the (αhν)n–(hν) plot (Tauc plot), where n = 2 (direct transition), was extrapolated as per a 
previous study [93]; this yielded optical bandgap values of 0.84, 0.95, and 2.1 eV (with 
0.2–0.3 eV uncertainty as to which part of the slope should be seen as “a linear onset”) 
for the 3-, 12-, and 24-h fluorinated samples, respectively. These results imply that the 
fluorination of NdNiO3 opens a finite bandgap of more than 1 eV, a conclusion that is 
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consistent with the abrupt increase observed in the resistivity. 
 
Figure 4-8. (a) Optical absorption coefficients, α, of NdNiO3 and NdNiO3−xFx thin 
films prepared using different reaction time. (b) Tauc ((αhν)2 versus hν) plots of 
insulating films assuming a direct transition. Strong absorption at energies greater 
than 3 eV is owing to the STO substrate (bandgap: 3.2 eV). 
The extremely high increases in the resistance resulting from the fluorination process 
as well as large bandgap opening of 2.1 eV suggest that the process induces drastic 
changes in the electronic states of the thin films. Thus, in order to investigate the 
electronic states, I performed bulk-sensitive HAXPES. The Nd 3d core-level spectra are 
shown in Figure 4-9. In the 3d spectra of the rare earth elements, different satellite peaks 
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(marked by triangles) can be observed; these are attributable to the interactions between 
the generated core holes and the valence electrons [99]. In the case of the NdNiO3 film, a 
satellite peak is observed at a binding energy (Eb) smaller than that corresponding to the 
main peak. This peak is called a “shake-down,” or “well-screened” satellite peak and is 
characteristic of metallic compounds. After the fluorination of the films, this shake-down 
peak disappears and a new spectral weight emerges at a larger Eb. The latter, which is 
called a “shake-up” satellite peak, is characteristic of insulating compounds and appears 
when the valence electrons are transferred to the 4f levels inside the gap, thus 
corroborating the claim that NdNiO3 undergoes the MIT driven by fluorine substitution. 
Note that the Nd 3d5/2 main peak was observed around 983 eV for all the samples, 
indicating that the Nd ions remained trivalent throughout the fluorination process. 
 
Figure 4-9. Nd 3d HAXPES spectra of NdNiO3 and NdNiO3−xFx films measured at 
300 K. Annotations “s.d.” and “s.u.” stand for “shake-down” and “shake-up” 
satellite, respectively 
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The Ni 2p core-level photoelectron spectra are shown in Figure 4-10. Each spectrum 
is characterized by 2p3/2–2p1/2 spin-orbit separation and satellite peaks. The Eb value of 
the Ni 2p peaks is influenced by both the chemical valence of Ni and the counter anions 
(O2− versus F−). That is to say, the reduction of Ni3+ to Ni2+ in the oxides lowers the Eb 
value [100–103], while the isovalent substitution of NiO for NiF2 increases the Eb 
value [103]. As can be seen in Figure 4-10, the spectral weight shifts to a higher Eb after 
reductive fluorine substitution, indicating that the effect of the counter anions and not the 
change in the chemical valence is the dominating factor in the case of NdNiO3−xFx. 
 
Figure 4-10. Ni 2p HAXPES spectra of NdNiO3 and NdNiO3−xFx films measured at 
300 K. “sat.” indicates satellite peaks. 
Figure 4-11 shows the valence-band HAXPES spectra of the NdNiO3 and 
NdNiO3−xFx films. In the spectrum of the precursor NdNiO3 film (black curve), the 
features located at lower binding energies (features a and b) can primarily be attributed 
to the contribution of the Ni 3d orbital, while those at larger binding energies (features c 
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and d) are mainly owing to the O 2p orbital [104]. A finite density of states is observed at 
EF; this is consistent with the experimentally observed metallic conduction at room 
temperature. Further, after fluorination, features (a) and (b) disappeared, and the density 
of states at EF reduced to zero with a bandgap opening, suggesting that the perovskite 
nickel oxyfluorides are electrically insulating. This change indicates that the insulating 
characteristics of the NdNiO3−xFx thin films are induced by a Mott-type gap opening and 
not by rigid-band shifting. In addition, a new spectral structure (e) emerges at an Eb value 
higher than those of the O 2p-nature states. Considering that the electronegativity of 
fluorine is higher than that of oxygen, I believe that this feature originates from the F 2p-
derived states. Indeed, its relative intensity increased with the fluorine content, while the 
oxygen-related peaks were suppressed, confirming the substitution of fluorine for oxygen. 
 
Figure 4-11. Valence band HAXPES spectra of NdNiO3 and NdNiO3−xFx thin films 
measured at 300 K. 
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Figure 4-12. XRD 2θ–θ patterns of as-grown, 24-h fluorinated, and oxygen-annealed 
(450 °C for 5 h) films. 
 
Figure 4-13. SEM-EDS spectra of as-grown, fluorinated for 24 h, and oxygen-
annealed films. Annealing was performed at 450 °C for 5 h. Electron accelerating 
voltage was set at 2.5 keV for these measurements. 
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Figure 4-14. Electrical resistivity versus temperature plots of as-grown film and 
oxygen-annealed film after fluorination. Inset shows electrical resistance measured 
in situ during oxygen annealing process. 
Finally, I discuss the reversibility of the fluorination process. Figure 4-12 shows the 
2θ–θ patterns of the as-grown NdNiO3 film, the 24-h fluorinated NdNiO3−xFx film, and 
an NdNiO3−xFx film annealed in oxygen at 105 Pa for 5 h at 450 °C. Notably, the lattice 
constant of the annealed film reverted to that of the as-grown NdNiO3 film, suggesting 
that fluoride ions were released during the annealing of the film in oxygen while the cation 
framework was maintained. In fact, a negligible amount of fluorine was observed within 
this film by energy dispersive X-ray spectroscopic (EDS) analysis (Figure 4-13). The 
reversible nature of the phase transformation seems surprising because possibly stronger 
Ni–F bonds are replaced by Ni–O bonds during oxygen annealing. I speculate that the 
change in the chemical oxidation state of nickel ions plays an important role in the 
formation of Ni-F or Ni-O bonds. During the reductive fluorination, electrons are added 
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to the Ni3+ ions, promoting the Ni–O bond breaking and the formation of Ni–F bonds. On 
the other hand, during the oxygen annealing, loss of electrons from the Ni2+ ions breaks 
the Ni–F bonds. In situ monitoring of the film resistance during the oxygen annealing 
process (see inset in Figure 4-14) revealed an exponential decrease in the film resistivity 
down to a value comparable to that of the as-grown film. Figure 4-14 plots the resistivity 
versus temperature curves for the as-grown and oxygen-annealed films. Both curves 
indicate that the MIT occurs at ~200 K and the curves overlap very well. Note that the 
resistivity of the fluorinated film was higher than 104 Ω cm (~ 1.0 GΩ /sq.). As shown in 
the inset of Figure 4-12, the black color of the NdNiO3 film faded and the film became 
transparent after fluorination for 24 h. However, the film became black again after the 
oxygen-annealing process. These observations confirm that topotactic reversible 
fluorination is an effective method for modulating electrical conduction in metal-oxide 
thin films and thus can be used for synthesizing films suitable for resistance-switching 
applications. 
4.4  Conclusions 
I investigated the effects of fluorine doping of NdNiO3 thin films using PVDF. After 
reacting with PVDF, NdNiO3 epitaxial thin films grown on SrTiO3 substrates transformed 
into films of NdNiO3−xFx, where the fluorine content, x, could be controlled by varying 
the reaction time. The fluorination of the films resulted in a significant increase in the 
electrical resistance of more than six orders of magnitude. Furthermore, XAS and 
HAXPES measurements suggested that a Mott-type gap opening is the cause of the 
extremely high resistance increase associated with the fluorination process. I also found 
that the resistance of the fluorinated thin films returned to the original value when the 
films were annealed in an oxygen atmosphere. The reversible resistance modulation of 
NdNiO3 may lead to device applications, e.g., in thermal or atmospheric sensors. Since it 
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can be performed without expensive setups like ultra-high vacuum or microfabrication, 
the reversible fluorination/oxidation of transition-metal oxides would pave the way for 
the discovery of new physical properties in various transition metal oxides.
Chapter 5.  Fluorination of lanthanum cuprates LaCuOₓ: 
observation of metallic conduction 
本章については、5年以内に雑誌等で刊行予定のため、非公開。





















Chapter 6.  General conclusions 
In this thesis, I studied modification of structures and properties of transition-metal 
oxide thin films by soft chemical processes. Using topotactic hydrogen and fluorine 
incorporation, I achieved following things. 
In Chapter 3, I reported soft chemical reactions between NdNiO3 thin films and 
CaH2.In spite of previous researches based on bulk powder samples, H− was incorporated 
to the crystal, and defect-fluorite structured NdNiOxHy (x, y ≈ 2.3, 0.7) films were 
obtained. A large amount of incorporated hydrogen suggested potential application for 
hydrogen storage. I also found that the structural features of the films, or more concretely, 
the crystal orientations, strongly depended on the reaction temperature. After low-
temperature reaction at 240 °C, the oxyhydride grew in [001]-orientation with interfacial 
layer of infinite-layer oxide NdNiO2. On the other hand, higher-temperature reaction at 
400 °C resulted in [110]-orientation, though it seemed more poorly lattice-matched to the 
substrate than [001]-orientation. This kind of crystal growth against epitaxially stable 
configuration may indicate importance of kinetic factors like ionic diffusion, during 
topotactic reactions. 
In Chapter 4, I investigated a different kind of topotactic reactions, i.e. fluorination, 
on the same precursor material, NdNiO3. Here, the reaction products with polyvinylidene 
fluoride were perovskite oxyfluoride NdNiO3−xFx, where a part of oxygen in the precursor 
material is substituted by fluorine atoms. In this reaction, the amount of incorporated 
fluorine was systematically controlled by changing reaction time. I also investigated 
electronic properties of the obtained films and found that the oxyfluoride samples were 
highly insulating with band gap of 1–2 eV, possibly because of the strong Coulomb 
repulsion between electrons incorporated as a result of fluorine substitution. Another 
important finding is that the fluorinated films could be reverted to NdNiO3 by heating 
Chapter 6. General conclusions 
98 
 
under oxygen atmosphere. This allows reversible switching between low-resistance state 
(NdNiO3) and high-resistance state (NdNiO3−xFx). This behavior may lead to 
development of new switching devices based on topotactic incorporation of fluorine. Also, 
fluorination of transition-metal oxides would pave the way for discovering new physical 
properties in various transition-metal oxides as it does not require expensive setups like 
ultra-high vacuum or microfabrication. 
In Chapter 5, I focused on different starting material LaCuOx and aimed to obtain 
novel oxyfluoride that allows metallic conduction. In the first part of the chapter, I 
investigated thin-film growth of LaCuOx itself. It showed complex domain patterns 
composed of narrow wall-like nanostructures, which was controllable by changing lattice 
symmetry of the substrate. Because of the stripe-like domains, the films on NdGaO3 (110) 
showed anisotropic conduction along and across the domains. For fluorination, I found 
that CuF2 was an effective fluorine source and synthesized oxyfluoride LaCuOxFy with 
(averaged) composition of (x, y ≈ 2.0, 0.94). Although the chemical composition inside 
the film was not homogeneous, the fluorinated sample showed metallic conduction, 
which was quite rare as perovskite-structured oxyfluorides. 
In conclusion, I applied soft chemical processes on transition-metal oxide epitaxial 
thin films, NdNiO3 and LaCuOx. As discussed above, the structures and properties of the 
transition-metal oxides can greatly be altered by hydrogen and fluorine doping via these 
processes. The findings in this study demonstrate that the soft chemical processes for thin 
films are effective for discovering novel materials and exploring their physical properties. 
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